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VARIABLE TEMPERATURE DEPOSITION METHODS 



TECHNICAL FIELD 

[0001] The aspects of the invention relate to variable temperature 
deposition methods, including atomic layer deposition and other deposition 
methods, and integrated circuits formed thereby. 

BACKGROUND OF THE INVENTION 
[0002] Atomic layer deposition (ALD) is recognized as a deposition 
technique that forms high quality materials with minimal defects and tight 
statistical process control. Even so, it is equally recognized that ALD can 
have limited application. In some circumstances, the theoretically expected 
quality of an ALD layer is not achieved. 

[0003] It can be seen that a need exists for an ALD method that 
forms a layer v\/ithout Introducing intolerable defects into the material. 



SUMMARY OF THE INVENTION 
[0004] As one aspect of the Invention, a deposition method includes 
at a first temperature, contacting a substrate with a first precursor and 
chemisorbing a first layer at least one monolayer thick over the substrate. 
At a second temperature different from the first temperature, the first layer 
may be contacted with a second precursor, chemisorbing a second layer 
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at least one monolayer thick on the first layer. As an example, the 
method can further include heating the first layer and the second layer to 
a third temperature higher than the second temperature. The method can 
include altering temperature by adding or removing heat with a 
thermoelectric heat pump to establish the second temperature. The 
thermoelectric heat pump may thermally connect to the substrate. The first 
temperature may be at least about 5°C different than the second 
temperature. 

[0005] Another aspect of the invention provides a deposition method 
including atomic layer depositing a first specie over a substrate 
approximately at an optimum temperature for the first specie deposition. 
A second specie may be atomic layer deposited on the first specie 
approximately at an optimum temperature for the second specie deposition 
different from the first specie optimum temperature. As an example, a 
chemisorption product of the first and second species may consist 
essentially of a monolayer of a deposition material. 

[0006] In another aspect of the invention, a deposition method includes 
chemisorbing a first layer of a first compound over a substrate while 
maintaining the substrate at a first temperature with a heater thermally 
linked to the substrate. Heat may be added or removed with a device 
different from the heater exhibiting a thermoelectric effect. This may 
establish the substrate at a second temperature at least about 1°C different 
from the first temperature. A monolayer of a second compound may be 
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chemisorbed on the first monolayer of the first compound at the second 
substrate temperature. Heat may be added or removed with the device to 
establish the substrate at approximately the first temperature. A second 
monolayer of the first compound may be chemisorbed on the monolayer of 
the second compound. 

[0007] As an alternative to the method described immediately above, 
heat can be added with the device to establish the substrate at a third 
temperature higher than the second temperature and the chemisorbed 
second compound reacted with the chemisorbed first compound. Heat can 
be added or removed with the device to establish the substrate at 
approximately the first temperature. A second monolayer of the first 
compound can be chemisorbed on the reacted layer of first and second 
compounds. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0008] Preferred embodiments of the invention are described below with 
reference to the following accompanying drawings. 

[0009] Figs. 1-3 are line charts respectively showing the timing for 
contacting a substrate in an atomic layer deposition process with precursor 
1, precursor 2, and purge gas. 

[0010] Fig. 4 is a line chart showing the timing for altering temperature 
during the contacting described in Figs. 1-3. 
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[0011] Fig. 5 is a line chart showing an alternative timing for altering 
temperature during the contacting described in Figs. 1-3. 
[0012] Figs. 6-8 are line charts respectively showing an alternative 
timing for contacting a substrate In an atomic layer deposition process with 
precursor 1, precursor 2, and purge gas. 

[0013] Fig. 9 is a line chart showing the timing for altering temperature 
during the contacting described in Figs. 6-8. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0014] This disclosure of the invention is submitted in furtherance of 
the constitutional purposes of the U.S. Patent Laws "to promote the 
progress of science and useful arts" (Article 1, Section 8). 
[0015] Atomic layer deposition (ALD) involves formation of successive 
atomic layers on a substrate. Such layers may comprise an epitaxial, 
polycrystalline, amorphous, etc. material. ALD may also be referred to as 
atomic layer epitaxy, atomic layer processing, etc. Further, the invention 
may encompass other deposition methods not traditionally referred to as 
ALD, for example, chemical vapor deposition (CVD), but nevertheless 
including the method steps described herein. The deposition methods 
herein may be described in the context of formation on a semiconductor 
wafer. However, the invention encompasses deposition on a variety of 
substrates besides semiconductor substrates. 
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[0016] In the context of this document, the term "semiconductor 
substrate" or "semiconductive substrate" is defined to mean any construction 
comprising semiconductive material, including, but not limited to, bulk 
semiconductive materials such as a semiconductive wafer (either alone or 
in assemblies comprising other materials thereon), and semiconductive 
material layers (either alone or in assemblies comprising other materials). 
The term "substrate" refers to any supporting structure, Including, but not 
limited to, the semiconductive substrates described above. 
[0017] Described in summary, ALD includes exposing an initial substrate 
to a first chemical specie to accomplish chemlsorption of the specie onto 
the substrate. Theoretically, the chemisorption forms a monolayer that is 
uniformly one atom or molecule thick on the entire exposed initial substrate. 
In other words, a saturated monolayer. Practically, as further described 
below, chemisorption might not occur on all portions of the substrate. 
Nevertheless, such an imperfect monolayer is still a monolayer In the 
context of this document. In many applications, merely a substantially 
saturated monolayer may be suitable. A substantially saturated monolayer 
is one that will still yield a deposited layer exhibiting the quality and/or 
properties desired for such layer. 

[0018] The first specie is purged from over the substrate and a second 
chemical specie is provided to chemisorb onto the first monolayer of the 
first specie. The second specie is then purged and the steps are 
repeated with exposure of the second specie monolayer to the first specie. 
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In some cases, the two monolayers may be of the same specie. Also, a 
third specie or more may be successively chemisorbed and purged just as 
described for the first and second species. 

[0019] Purging may involve a variety of techniques including, but not 
limited to, contacting the substrate and/or monolayer with a carrier gas 
and/or lowering pressure to below the deposition pressure to reduce the 
concentration of a specie contacting the substrate and/or chemisorbed 
specie. Examples of carrier gases include N2, Ar, He, etc. Purging may 
instead include contacting the substrate and/or monolayer with any 
substance that allows chemisorption byproducts to desorb and reduces the 
concentration of a contacting specie preparatory to introducing another 
specie. The contacting specie may be reduced to some suitable 
concentration or partial pressure known to those skilled in the art based 
on the specifications for the product of a particular deposition process. 
[0020] ALD is often described as a self-limiting process, in that a finite 
number of sites exist on a substrate to which the first specie may form 
chemical bonds. The second specie might only bond to the first specie 
and thus may also be self-limiting. Once all of the finite number of sites 
on a substrate are bonded with a first specie, the first specie will often 
not bond to other of the first specie already bonded with the substrate. 
However, process conditions can be varied in ALD to promote such bonding 
and render ALD not self-limiting. Accordingly, ALD may also encompass 
a specie forming other than one monolayer at a time by stacking of a 
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specie, forming a layer more than one atom or molecule thick. The 
various aspects of the present invention described herein are applicable to 
any circumstance where ALD may be desired. A few examples of 
materials that may be deposited by ALD include silicon nitride, zirconium 
oxide, tantalum oxide, aluminum oxide, and others. 

[0021] Often, traditional ALD occurs within an often-used range of 
temperature and pressure and according to established purging criteria to 
achieve the desired formation of an overall ALD layer one monolayer at a 
time. Even so, ALD conditions can vary greatly depending on the 
particular precursors, layer composition, deposition equipment, and other 
factors according to criteria known by those skilled in the art. Maintaining 
the traditional conditions of temperature, pressure, and purging minimizes 
unwanted reactions that may impact monolayer formation and quality of the 
resulting overall ALD layer. Accordingly, operating outside the traditional 
temperature and pressure ranges may risk formation of defective 
monolayers. 

[0022] The general technology of chemical vapor deposition (CVD) 
includes a variety of more specific processes, including, but not limited to, 
plasma enhanced CVD and others. CVD is commonly used to form non- 
selectively a complete, deposited material on a substrate. One 
characteristic of CVD is the simultaneous presence of multiple species in 
the deposition chamber that react to form the deposited material. Such 
condition is contrasted with the purging criteria for traditional ALD wherein 
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a substrate is contacted with a single deposition specie that chemisorbs to 
a substrate or previously deposited specie. An ALD process regime may 
provide a simultaneously contacted plurality of species of a type or under 
conditions such that ALD chemisorption, rather than CVD reaction occurs. 
Instead of reacting together, the species may chemisorb to a substrate or 
previously deposited specie, providing a surface onto which subsequent 
species may next chemisorb to form a complete layer of desired material. 
Under most CVD conditions, deposition occurs largely independent of the 
composition or surface properties of an underlying substrate. By contrast, 
chemisorption rate in ALD might be influenced by the composition, 
crystalline structure, and other properties of a substrate or chemisorbed 
specie. Other process conditions, for example, pressure and temperature, 
may also influence chemisorption rate. 

[0023] Observation indicates that ALD can be susceptible to 
temperature variation such that a change of about 1 to 10°C to about 
50°C may significantly affect chemisorption rate, and potentially stop 
appreciable chemisorption. Further observation indicates that one deposition 
specie may chemisorb optimally at a first temperature while a second 
deposition specie may chemisorb at a different optimum temperature. If the 
two species are to be used as complimentary species of a deposition pair, 
then it is not likely that chemisorption will be performed optimally for both 
species of the pair. 
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[0024] Accordingly, in one aspect of the invention, a deposition method 
includes, at a first temperature, contacting a substrate with a first precursor 
and chemisorbing a first layer at least one monolayer thick over the 
substrate. At a second temperature different from the first temperature, the 
first layer may be contacted with a second precursor. A second layer at 
least one monolayer thick may be chemisorbed on the first layer. Such 
a method may be implemented in a variety of ways and applied to a 
variety of circumstances. However, preferably the substrate is a bulk 
semiconductor wafer. Also, while a variety of precursors and precursor 
pairs may be selected, preferably the first precursor is different from the 
second precursor. Such a difference may be sufficient to produce an 
optimum chemisorption temperature for the first precursor that is different 
from an optimum chemisorption temperature for the second precursor. Also, 
preferably the first and second layers each consist essentially of a 
monolayer. 

[0025] Altering the temperature may be accomplished by a variety of 
means and in a variety of ways. For example, the method may further 
include altering the temperature by adding or removing heat with a 
thermoelectric heat pump (THP). A THP operates on the well known 
principles of the thermoelectric effect based on one or more of the Peltier 
effect, Seebeck effect, Thomson effect, and other effects. THPs may 
provide both thermoelectric cooling and thermoelectric heating. In 
thermoelectric cooling, heat is absorbed when an electric current is applied 
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through a "cold" junction of two dissimilar conductors and transferred to a 
"hot" junction of the conductors where it may be dissipated, for example, 
by a heat sink. For thermoelectric heating, reversing the current direction 
will reverse the heat flow such that the cold junction temperature increases 
with heat transferred from the hot junction. THPs may be fabricated from 
dissimilar metal conductors, but often are semiconductor based, using p- 
and n-type semiconductors instead. As the term is used herein a THP 
may include any heating and/or cooling device operating by a thermoelectric 
effect. 

[0026] A THP may be used to selectively heat or cool the substrate 
such that the first precursor is chemisorbed at approximately an optimum 
chemlsorptlon temperature and the second precursor is also chemisorbed 
at approximately an optimum chemlsorptlon temperature. Accordingly, it may 
be desirable that the THP thermally connect to the substrate. For 
example, in the case of a bulk semiconductor wafer, such wafer may be 
positioned in a wafer chuck in a deposition chamber. A thermal interface 
between the THP and the wafer chuck may be sufficient to thermally 
connect the wafer to the THP to accomplish altering the temperature of at 
least a portion of the substrate. 

[0027] Often, a source of background heat is provided, for example in 
deposition chambers. Such background heat may originate from a variety 
of sources, such as reactant gas and/or carrier gas heaters, a heat lamp 
array associated with the chamber, and/or a wafer chuck heater separate 
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from the THP. Accordingly, background heat may be provided at a fourth 
temperature different from or the same as one of the first and second 
temperature. A variety of heating and cooling process regimes are 
conceivable. The THP can be particularly useful when processing a single 
wafer through a series of steps, such as those described herein. However, 
the various aspects of the invention described herein also apply to 
processing without a THP. For example, batch processing of wafers 
without a THP is also conceivable in keeping with many of the process 
parameters set forth to achieve the described benefits. Also, providing a 
flow of coolant gas might be one alternative to cooling with a THP. 
The coolant gas can consist of material inert to reaction with the first 
compound. For example, the coolant gas can be an inert gas commonly 
used as a carrier gas in processing. 

[0028] Preferably the first and second temperatures are those of at 
least a portion of the substrate. Alternatively, the first and second 
temperatures may be those of an outermost surface of the substrate, the 
precursors, deposition chamber temperature, precursor gas temperature, etc. 
Since the first and second temperatures need not be the substrate 
temperature, altering the substrate temperature need not, but may, occur 
from the first to the second temperature. Depending on a variety of 
considerations including, but not limited to, precursor specie characteristics, 
pressure, substrate composition, etc., the first temperature may be at least 
about 1X different from the second temperature. The first temperature 
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may preferably be at least about 5°C different and more preferably at least 
about lO^'C different. Further, the second temperature may be at least 
about 50 °C different from the second temperature. A deposition pressure 
can vary depending on the particular specie and can be atmospheric or at 
some degree of vacuum. 

[0029] Another consideration in setting up a process regime is that 
after chemisorption of a first layer, altering a temperature of at least a 
portion of the substrate for chemisorption of a second layer can impact the 
already chemisorbed first layer. If a first layer is formed at a lower 
temperature followed by second layer formation at a higher temperature, 
then the temperature increase might desorb some of the first layer. 
Accordingly, preferably the first temperature is greater than the second 
temperature. In this manner, the first layer may be formed at a higher 
temperature followed by second layer formation at a lower temperature, 
decreasing the risk of desorption. 

[0030] As a further consideration, chemisorption of the second precursor 
on the first precursor is not necessarily equivalent to reacting the first and 
second precursors. Also, an optimum temperature for reaction of the first 
and second precursor can be different from the optimum chemisorption 
temperatures of the first and second precursors. Accordingly, in some 
circumstances the physical properties and/or composition of chemisorbed first 
and second layers can differ from the desired properties and/or composition 
that could result from reaction of the chemisorbed materials of the first and 



S:\mi22\1372\P04.wpd A270107191554N 



12 



PAT-US\AP-RED 



second layers. According to one aspect of the invention, a deposition 
method can further include heating the first layer and the second layer to 
a third temperature higher than the second temperature at which the 
second layer was chemisorbed. Also, the method can further include 
reacting the second layer with the first layer. One example of reacting the 
first and second layers includes the heating to the third temperature 
described above. Other ways to react the first and second layers are also 
conceivable. 

[0031] Yet another consideration in establishing a process regime is the 
timing of temperature alterations. For example, the second temperature 
may be established before the contacting of the first layer to chemisorb a 
second precursor thereon. Alternatively, the second temperature might not 
be established until during the contacting of the first layer to chemisorb the 
second precursor. Also for example, the third temperature might be 
established after completing chemisorption of a second precursor on the 
first layer. Alternatively, the third temperature might be established during 
the chemisorption of the second precursor. Establishing the third 
temperature during chemisorption of the second precursor allows already 
chemisorbed second precursor to react with the first layer and enhances 
reaction of the second precursor with any portions of the first layer 
whereon the second precursor has not yet chemisorbed. The selection of 
a particular process regime will preferably establish the most efficient 
chemisorption process practicable. That is, both chemisorption rate 
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achieved at a given temperature as well as the necessary time to 
accomplish alteration of temperature to achieve such a rate may be 
considered along with other factors. Accordingly, the THP described herein 
may be particularly advantageous given the quick changes in substrate 
temperature achievable. 

[0032] In another aspect of the invention, a deposition method includes 
atomic layer depositing a first specie over a substrate approximately at an 
optimum temperature for the first specie deposition. Next, a second specie 
may be atomic layer deposited on the first specie approximately at an 
optimum temperature for the second specie deposition different from the 
first specie optimum temperature. A chemisorption product of the first and 
second specie may consist essentially of a monolayer of a deposition 
material. As indicated above, the first specie may be different from the 
second specie. However, even if the first specie is the same as the 
second specie, a deposition method as described may be desirable. 
Atomic layer deposition of an initial specie to form the first layer of a 
chemisorption product sometimes may preferably occur at a different 
temperature from any subsequent layer. For example, a higher temperature 
may be warranted to achieve a substantially saturated monolayer on a 
substrate after which chemisorption to the first and subsequent deposition 
specie layers occurs at a lower temperature. In this manner, potential 
difficulties with initiating formation of an ALD material may be reduced. 
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[0033] As yet another aspect of the invention, a deposition method 
may include chemisorbing a first monolayer of a first compound over a 
substrate while maintaining the substrate at a first temperature with a 
heater thermally linked to the substrate. Heat may be added or removed 
with a device different from the heater. The device may exhibit a 
thermoelectric effect. The device may also establish the substrate at a 
second temperature at least about 5°C different from the first temperature. 
[0034] The method may further include chemisorbing a monolayer of 
a second compound on the first monolayer of the first compound at the 
second substrate temperature. Heat may be added or removed with the 
device to establish the substrate temperature at approximately the first 
temperature. A second monolayer of the first compound may be 
chemisorbed on the monolayer of the second compound. 
[0035] Turning to Figs. 1-4, a process regime is described for ALD 
that is within the scope of the present invention. Figs. 1-3 show the 
cyclic contacting and purging of a substrate with Precursor 1 (PI) and 
Precursor 2 (P2). A substrate is first contacted with PI from Time 0 (TO) 
to Time 1 (T1). PI that is not chemisorbed is purged from T1 to T2 and 
the chemisorbed P1 is then contacted with P2 from T2 to T3. After 
purging excess P2 from T3 to T4, the cycle begins again by contacting 
chemisorbed P2 with PI from T4 to T5. The cycle from TO to T3 thus 
may form at least a monolayer of a chemisorption product of PI and P2. 
The purge from T3 to T4 prepares the chemisorption product of PI and 
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P2 to begin a new cycle at T4. Notably, the time intervals from TO to 
T1 to T2, etc. are shown as equal merely for graphical convenience. In 
practice, such times may be individually determined according to the 
knowledge of those skilled in the art considering the aspects and 
advantages of the inventions described herein. 

[0036] Fig. 4 shows altering the temperature, preferably substrate 
temperature, as part of the described method. Temperature 2 (Temp2) is 
maintained from TO to T1 during contacting of P1. Thereafter, temperature 
is reduced to Tempi during purging from T1 to T2 and maintained at 
Tempi during contacting of P2 from T2 to T3. Temperature is increased 
to Temp2 during purging from T3 to T4 in preparation for starting a new 
cycle at T4. In keeping with the various aspects of the invention, other 
scenarios of contacting precursors and altering temperature are also 
conceivable, some of which are expressly described herein. 
[0037] One alternative is shown in Fig. 5. Temp2 is maintained from 
TO to T1 during contacting of PI. Thereafter, temperature is reduced to 
Tempi during purging from T1 to T2 and maintained at Tempi during 
contacting of P2 from T2 to T3. Temperature is increased to Temperature 
3 (Temp3) during purging from T3 to T4 and then reduced to Temp2 in 
preparation for starting a new cycle at T4 and for enhancing reaction of 
P2 with PI. 

[0038] Turning to Figs. 6-9 an alternative process regime is described 
for ALD that is within the scope of the present invention. Figs. 6-8 show 
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the cyclic contacting and purging of a substrate with PI and P2. A 
substrate is first contacted with PI from TO to T1. P1 that is not 
chemisorbed is purged from T1 to T2 and the chemisorbed P1 is then 
contacted with P2 from T2 to T4. After purging excess P2 from T4 to T5, 
the cycle begins again by contacting chemisorbed P2 with P1 from T5 to 
T6. 

[0039] Fig. 9 shows altering the temperature as part of the described 
method. Temp2 is maintained from TO to T1 during contacting of P1. 
Thereafter, temperature is reduced to Tempi during purging from T1 to T2 
and maintained at Tempi during at least a portion of contacting P2 from 
T2 to T3. Temperature is increased to Temp3 during at least a portion 
of contacting of P2 from T3 to T4. Temperature is decreased to Temp2 
during purging from T4 to T5 in preparation for starting a new cycle at T5. 
[0040] In keeping with the advantages of the various aspects of the 
invention described herein, materials may be deposited at increased rates 
and/or have increased quality as a result of achieving optimum deposition 
temperatures. Thus, devices formed using such methods may possess 
structures formed of materials having increased quality and/or decreased 
dimensions given the increased quality. That is, the thicl<ness of a 
material, such as a barrier material, dielectric material, etc., might be 
beneficially reduced if the high quality associated with ALD and the 
deposition methods described herein may be achieved. 
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[0041] As one example of the method described herein, Si3N4 can be 
formed. Dichlorosilane (DCS) can be chemisorbed at a first temperature 
followed by chemisorption of ammonia at a second temperature lower than 
the first temperature. Si^H^ can be formed from the chemisorbed 
components by reacting the DCS and ammonia at a third temperature 
higher than the second temperature and the first temperature. 
[0042] In compliance with the statute, the invention has been described 
in language more or less specific as to structural and methodical features. 
It is to be understood, however, that the invention is not limited to the 
specific features shown and described, since the means herein disclosed 
comprise preferred forms of putting the invention into effect. The invention 
is, therefore, claimed in any of its forms or modifications within the proper 
scope of the appended claims appropriately interpreted in accordance with 
the doctrine of equivalents. 
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